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Relaxation processes significantly influence the properties of glass materials. However, under-
standing their specific origins is difficult, even more challenging is to forecast them theoretically.
In this study, using microseconds molecular dynamics simulations together with an accurate many-
body interaction potential, we predict that an Al90Sm10 metallic glass would have complex relax-
ation behaviors: In addition to the main (α) relaxation, the glass (i) shows a pronounced secondary
(β) relaxation at cryogenic temperatures and (ii) exhibits an anomalous relaxation process (α2)
accompanying α relaxation. Both of the predictions are verified by experiments. Computational
simulations reveal the microscopic origins of relaxation processes: while the pronounced β relaxation
is attributed to the abundance of string-like cooperative atomic rearrangements, the anomalous α2
process is found to correlate with the decoupling of the faster motions of Al with slower Sm atoms.
The combination of simulations and experiments represents a first glimpse of what may become a
predictive routine and integral step for glass physics.
Compared with crystals, glasses inherently feature di-
verse relaxation dynamics over a wide range of temper-
ature and timescales. These relaxation processes signifi-
cantly influence properties of glass materials and are re-
lated to a number of crucial unresolved issues in glassy
physics [1–5]. Understanding how the atomic rearrange-
ments govern these processes represents an outstanding
issue in glass physics [1, 3, 4, 6, 7].
Usually, the most prominent relaxation process is the
primary (α) relaxation which is responsible for the vit-
rification of glass-forming liquid. Its falling out of equi-
librium indicates the glass transition phenomenon. Pro-
cesses occurring in addition to the α relaxation at shorter
timescales or lower temperature are referred as secondary
(β) relaxations. The studies over the last a few decades
have established that the β relaxation could have im-
portant consequences on the mechanical properties for
metallic and polymeric glasses, as well as thermal sta-
bility of glassy pharmaceuticals and biomaterials, and
thus attract considerable attentions [8–13]. Moreover,
recent studies have discovered there might be more re-
laxation processes in addition to the α and β relaxations
in glasses [7, 14–20, 23]. Even the structurally simplest
metallic glasses (MGs, compared to molecular and poly-
meric glasses) could exhibit multiple relaxations, indi-
cating that a far richer-than-expected scenario for glass
relaxation. For example, Wang et al. [17] and Kche-
mann et al. [15] identified a new relaxation process that
is faster than the β relaxation in MGs which was named
β′ and γ relaxations. Wang et al. [21] also illustrate the
β′ relaxation might be correlated with the initiation of
plastic deformation in MGs. Luo and coworkers [16] re-
ported the non-equilibrium α relaxation would split into
two processes in deep glassy state which causes early de-
cay in the stress-relaxation experiments [22]. While these
results illustrate that MGs possess complex relaxation
phenomena and have consequences on properties, it is
difficult to understand their specific origins because of
the lack of microscopic data of these processes.
In principle, molecular dynamics (MD) simulation is
a powerful tool to investigate detailed atomic rearrange-
ments in the glass relaxations at the microscopic level.
However, the relaxations in the glassy states are ex-
tremely complicated, as they are sensitive to chemical
compositions [24] and thermal histories [25, 26]. The re-
lated relaxation timescales (e.g., milliseconds to seconds)
are usually several decades longer than the current avail-
able computational timescales (picoseconds to nanosec-
onds). It is therefore challenging to model the relaxation
dynamics of realistic glass materials under experimen-
tal conditions. Moreover, for large-scale MD simulations
of MGs, the force field which describes the many-body
interactions (i.e., empirical potentials) is of vital impor-
tance [27–29]. Although there are a few potentials that
can reproduce some static structural features and ther-
modynamics of MGs, their capability of describing dy-
namical processes is mostly unknown.
Recently, a realistic interaction potential for the study
of Al90Sm10 MG was developed [30]. It correctly de-
scribes the glass structure [31], complex devitrification
behaviors [32, 33] and crystal growth [34] in the Al-Sm
systems. It also brings insights to the competition of
crystallization and glass formation [35, 36]. Therefore,
it provides a model system to investigate the relaxation
mechanism in the realistic MG.
In this work, relying on this accurate interaction poten-
tial, we simulate the dynamical mechanical spectroscopy
(DMS) of Al90Sm10 MG in the timescale up to 10 mi-
croseconds which almost reaches the limit of state-of-
the-art computational power. With such a slow fre-
quency, we find an anomalous relaxation process (noted
as α2) decouples from α relaxation. The MG also ex-
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2hibit a strongly pronounced β relaxation even on the
MD timescale. The behaviors predicted from the MD
simulations are verified with DMS experiments at cryo-
genic temperatures. The detailed atomic motions that
lead to the relaxation processes are revealed from the
MD trajectories. The feasibility that atomic simulations
could discover new relaxation processes in MGs and elu-
cidate their underlying mechanisms would be useful for
understanding the dynamics and properties as well as the
design of glass materials.
Simulation - MD simulations were carried out based on
a Finnis-Sinclair potential [30], using the GPU-version of
LAMMPS code [38–40]. The Al90Sm10 glass model, con-
taining 32,000 atoms, were obtained by the continuous
cooling with a cooling rate of 108K/s. The MD simula-
tions of DMS (MD-DMS) [37] were performed during the
cooling process, covering a wide temperature range from
deeply undercooled liquid to low-temperature glass. In
MD-DMS, a sinusoidal strain was applied with an oscil-
lation period tω (related to frequency f = 1/tω) and a
strain amplitude εA. The resulted stress σ(t) and phase
difference δ between stress and strain were measured and
fitted by σ(t) = σ0 + σAsin(2pit/tω + δ). The storage
and loss moduli were calculated by E′ = σA/εAcos(δ)
and E′′ = σA/εAsin(δ), respectively. A strain amplitude
εA = 0.6% was applied in all MD-DMS, which ensured
deformations in the linear response regime.
Experiments - The Al90Sm10 MG was prepared by
spinning-quenching techniques (see Supplemental Mate-
rial [41] for details). The relaxation dynamics of the
MG was studied by a dynamical mechanical analyzer us-
ing liquid Nitrogen for temperature control, which allows
us to reach the cryogenic temperature (down to 150K).
The measurements were conducted during a tempera-
ture ramping of 3 K/min together with a film tension
oscillation using the discrete testing frequencies of 0.5, 2,
4, 8 and 16 Hz. The storage (E′) and loss (E′′) mod-
uli were recorded for subsequent analysis and comparing
with MD-DMS results.
Predictions by simulations - Figure 1 shows MD-DMS
results by plotting the storage (E′) and loss moduli
(E′′) as a function of temperature under different oscilla-
tion periods. The temperature-dependent loss modulus
curves are fitted with a serial of Gaussian peaks which
correspond to different relaxation processes. With the
longest oscillation period tω = 1µs in Fig. 1, the loss
modulus exhibits a broad peak in the temperature range
from 200 K to 500 K, which corresponds to the typical β
relaxation. We note that there exists no such pronounced
peak of β relaxation in any previous MD simulations
where only shoulder-like or excess wings were observed.
At higher temperature, the dominant primary (α) relax-
ation peak shows a strong shoulder in the temperature
range 500-600 K, which needs an extra peak function for
the fitting. Considering this process decreases in am-
plitude as frequency increases (or tω decrease), which is
FIG. 1. Relaxation behaviors by simulations. Storage E′
and loss E′′ moduli of Al90Sm10 MG at different oscillations
periods tω ranging from 1 µs to 1 ns. The loss moduli are
fitted by multiple Gaussian functions.
consistent with behaviors of α relaxation in general, this
new peak is named as α2 process.
As shown in Fig. 1, with the decrease of oscillation
period, all three peaks, α, α2 and β, shift towards higher
temperature. The α2 peak gradually collapses in the α
peak so that one can hardly differentiate them when tω
is smaller than 10ns. With very short oscillation period
(e.g. tω = 1ns), the β peak also largely overlaps with
the α peak. Thus, the simulations predict a complex
relaxation scenario in the Al90Sm10 MG: at suitably long
time scales (e.g., 1µs) it has a pronounced β peak and
an anomalous α2 process in addition to the α relaxation.
Experimental verification - We next validate these
computational predictions by DMS experiments for the
as-quenched Al90Sm10 samples. Even though our longest
simulation period reaches 1 µs, it is still about 5-6 orders
of magnitude faster than the typical DMS experiments
in which probing timescales are 0.1− 10s. Extrapolating
the temperature-time relation for the β relaxation from
simulations to the experimental timescale leads to a char-
acteristic temperature about 200 K (inset of Fig. 2(a)).
Figure 2(a) shows the experimental E′′(T ) for the
MG from a cryogenic DMS measurement at the test-
ing frequency of 8 Hz. Remarkably, it clearly shows
a pronounced β relaxation peak at about 220 K, con-
sistent with the extrapolation of MD simulations. Fig-
ure 2(b) shows E′′(T ) for more different testing frequen-
cies. The peak temperature of the β relaxation increases
with higher frequency (or shorter time period), which
is also quantitatively agree with the MD simulations as
shown in the inset of Fig. 2(a).
Besides, a close examination of E′′(T ) curve in
Fig. 2(a) indicates that there is notable excess contri-
bution to the α relaxation around T = 380K, which
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FIG. 2. Experimental DMS for Al90Sm10 MG. (a) DMS
measured at the frequency 8 Hz and (b) at different frequen-
cies as indicated. The inset in (a) shows the Arrhenius fitting
of β relaxation peaks and DMS periods from both simula-
tions and experiments. The fitting of α relaxation peak is to
guide eyes. It is based on the extrapolation of simulation data
at the experimental temperature, see details in Supplemental
Material [41].
is corresponding well with the α2 relaxation found from
MD-DMS (Fig. 1). This α2 process can also be discerned
from different testing frequencies in Fig. 2(b). For exam-
ple, it is more evident on the curve with the frequency of
16 Hz. Due to close coupling with α relaxation, α2 pro-
cess is more difficult to be resolved than the pronounced
β relaxation. Nevertheless, its time-temperature relation
can still be determined and compared favorably with MD
simulations (see Supplemental Material [41]). Therefore,
the presence of α2 process in the MG could be ascertained
with the guidance of MD simulation. Unfortunately, be-
cause of the occurrence of strong devitrification process
in the current MG system [32] , one cannot fully access
the α relaxation peak at experimental timescales, result-
ing in the termination of experimental data at 450K.
Mechanism for β peak - The above experiments vali-
date the predictions from MD simulations. Now we are in
position to investigate the mechanisms of these complex
relaxation processes. Recently, the structural rearrange-
ments governing the β relaxations have been investigated
in a model Ni80P20 MG [45] and a Y65Cu35 MG [46],
which suggests string-like motions might be the origin
of β relaxation. However, these MGs do not show such
clear β relaxation peak as the Al90Sm10 at MD accessible
timescales. One feature about string-like motions is that
a particle jumps to a position that was occupied previ-
ously by another particle [45]. Structurally, this would
result in a multi-peak curve for the distribution p(u) of
atomic displacements u during the deformation period,
which is clearly observed in the present MG as shown in
Fig. 3(a) (the mathematical definitions of displacement u
and string-like motion are provided in Supplemental Ma-
terial S3 [41]). The fact that the second and third peaks
of p(u) match exactly the first and second peaks of pair
FIG. 3. String-like motion and β relaxation. (a) Upper
panel shows the pair correlation function of Al90Sm10 MG
at 300 K from MD simulation, while lower panel shows the
probability of atomic displacement u at the condition of (tω,
Tβ) , where Tβ is the peak temperature of β relaxation with
the oscillation period tω. (b) String configurations at Tβ =
360K with tω = 1µs. The atoms in the strings with size
ξ < 30 are removed for clarity. (c) The probability of string-
like-moving atoms involved in the different sizes of strings at
Tβ with tω = 1ns and 1µs, respectively. The lines indicate
exponential fitting. (d) Relationship between β relaxation
and string motion under four different oscillation periods from
1µs to 1ns. The lower panel shows the fraction of string-like-
moving atoms in the fast-moving atoms (Nstr/Nfast, blue),
and the fraction of atoms in the long string-like motions in
the total string-like-moving atoms (Nlong/Nstr, red).
distribution function g(r) at various β relaxation peaks
in Fig. 3(a) indicates that atoms prefer to jumping to the
position that is previously taken by another atom in its
nearest or secondary neighbors, which further evidences
string-like motions. Figure 3(b) shows that the strings
can propagate in a rather large spatial range and form
different types of geometries such as aggregations, loops
and long-range chains. The string size ξ is defined by
the number of atoms involved in the string. Figure 3(c)
shows that the probability of the atom forming string
follows an exponential function with the string size that
can span up-to 70 atoms. While similar string-like mo-
tions were also observed in Lennard-Jones liquid model
[47] and other systems [48, 49], the string size in the cur-
rent Al90Sm10 is much longer than other systems. For
example, the longest reported string in Ni80P20 contains
12 atoms [46] which is smaller by a factor 6 than current
MG. Such long-range and large-scale string-like motion
is a unique feature of the present MG which could be the
reason for the uniquely pronounced β peak.
Figure 3(d) quantifies the fraction of string-like-
moving atoms to the total number of fast-moving atoms
(Nstr/Nfast), as well as the fraction of atoms involved in
the long-string motions to the total number of string-like-
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FIG. 4. Atomic motion decoupling and α2 relaxation. (a)
The probability of Al and Sm displacement with the oscilla-
tion period tω = 1µs at 500 K and 600 K, respectively. The
dashed line indicates the peak position up. (b) up of Al and
Sm atoms and loss moduli as a function of temperature for
tω = 1µs and 100ns, respectively. The arrows highlight the
transition points and the peak positions of α2 relaxations.
moving atom (Nlong/Nstr) as a function of temperature.
The long-string motion is defined by ξ ≥ 10 here. The
T -dependent loss moduli E′′ are also plotted for compar-
ison. One can see the peak of Nlong/Nstr well matches
the peak of β relaxation over all the studied oscillation
periods tω. While the curve of Nstr/Nfast reaches a maxi-
mum plateau at the peak temperature of β relaxation Tβ ,
Nlong/Nstr manifests as a pronounced peak, whose posi-
tion and width quantitatively agree with those of β relax-
ation peaks. Note this correlation does not change with
the choice of long-string motion threshold (see Supple-
mental Material [41]). These results suggest long-string
motions contribute more to the β relaxation than shorter
ones, which emphasis the cooperative nature of β relax-
ation.
Mechanism for α2 process - To gasp the microscopic
origin of α2 process, we analysis the probabilities p(u)
of atomic displacements u for Al and Sm atoms, respec-
tively. As shown in Fig. 4(a), at a temperature T = 500K
lower than the peak of α2 relaxations (about 560K), the
peaks of p(u) for Al and Sm separate with each other.
While at the temperature higher than the α2 process, the
p(u) peaks of Al and Sm well overlaps with each other.
This comparison implies that decoupling of the motions
of Al and Sm atoms occurs when the temperature crosses
the α2 peak.
To further quantify this behavior, Fig. 4(b) plots the
most probable displacement, i.e. the peak position up of
p(u) as a function of temperature. When the temperature
increases from the lower regime, up of Al and Sm atoms
first increase separately until reaching a transition point
where two curves merge to one. When comparing up
with loss moduli in Fig. 4(b), we find that the transition
point coincides with the peak position of α2 relaxation
over all the studied oscillation periods. Therefore, the α2
relaxation well correlates with the dynamical transition
from coupling to decoupling motions of Al and Sm atoms.
FIG. 5. Relaxation map of Al90Sm10 MG. ISF-Sm/Al: the
α-relaxation time of Sm/Al atoms based on the Sm/Al ISF
spectra. Decoupling: the transition temperature from cou-
pled to decoupled most probable motions up(T ) of Al and Sm
atoms. String: the most probable temperature to form the
long-string motions.
It indicates the asynchronous freezing of fast and slow
motions could be the key factor leading to this process.
In Fig. 5, we summarized all the studied processes in
a relaxation map over a wide range of temperature and
timescales. One can see that the α2 relaxation and the
decoupling between Sm and Al atoms follow the same
temperature-time relation, suggesting an intrinsic corre-
lation between them. Meanwhile, the β relaxation and
the long string-like motions (ξ ≥ 10) agree with each
other. Hence, the atomistic simulations not only pre-
dicted the complex relaxations in the MGs, but also elu-
cidate the underlying mechanisms for them.
Figure 5 also reveals that the Al90Sm10 MG is a typ-
ical glass system in which the solute and solvent ele-
ments show dramatically different dynamical behaviors:
the α relaxation time calculated based on the interme-
diate scattering function (ISF) of Sm atoms are orders
of magnitudes longer than the Al atoms (see details in
Supplemental Material [41]). Moreover, the global α re-
laxation determined from MD-DMS correlates only with
the α relaxation time from the ISF of Sm atoms, im-
plying that it is controlled predominately by the slowest
process. Previous simulations [50–52] suggested that the
large atomic size ratio disparity might cause more than
one glass transitions in model systems. In a recent the-
oretical work, Cui et al. [53] pointed out that the dy-
namical decoupling between constituents with wide mass
disparity might lead to a separated relaxation process
and suggested it to be a β relaxation. The identified α2
process here might be an experimental evidence for these
scenarios in real glasses. Moreover, it indicates that the
related process can be an additional primary process in
stead of β relaxation. Finally, we note that the α2 process
5might not be unique to the Al90Sm10 MGs: in a recent
work Xue et al. [54] reported the relaxation processes
in a serials of LaGa-based MGs. Although not discussed
explicitly, their data indeed exhibit a discernable α2-like
process, which may also be related to the mobility de-
coupling between fast Ga and slow La atoms.
We have shown that with atomic simulations, one
could predict complex relaxation processes in MGs at
the laboratory timescales and clarify their microscopic
origins. A MG system with previously unidentified α2
relaxation process due to the mobility decoupling and
strong β relaxations caused by long-string motions has
thus been predicted by simulations and verified by ex-
periments. The combined experiments (validations) and
simulations (predictions and clarification of mechanisms)
represent a first glimpse of what may become a routine
and integrated step in the study of glass relaxation. With
above interpretations, one would expect an abundant α2
relaxations, or even more relaxation processes in glass
states. It then suggestions that efforts aimed at a quan-
titative theory to predict glass relaxation would be de-
sirable. The results presented above thus open new chal-
lenges and opportunities for furthering our understand-
ing of glass relaxations.
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7Supplemental Material for “Predicting Complex Relaxation Processes in Metallic
Glass”
In this Supplemental Material we provide technical de-
tails of simulations and experiments in Sec. S1 and S2.
In Sec. S3 we provide the calculation details of string-
like motions and show the correlation between the peaks
of β-relaxation and long string-like motions is indepen-
dent to the threshold. In Sec. S4, we show the detailed
intermediate scatter functions (ISF) for Al and Sm.
DETAILS OF MOLECULAR DYNAMICS
SIMULATION
The molecular dynamics (MD) simulations were car-
ried out using the Finnis-Sinclair potential [S1] with a
32,000-atom model of Al90Sm10. The Al90Sm10 melt
were first well equilibrated at 1300K for 10 ns, followed
by a continuous cooling to 200 K with a cooling rate 108
K/s, using NPT ensemble (that is, constant atom num-
ber, pressure, and temperature) and Nose-Hoover ther-
mostat. The MD time step is 2 fs. The energy change
during the cooling process is shown in Fig. S1(a), which
indicates a clear glass transition.
The MD simulation of DMS (MD-DMS) [S2] was per-
formed during the cooling process, covering a wide tem-
perature range from the deeply undercooled liquid to low-
temperature glass. Specifically, at a temperature T , we
applied a sinusoidal strain ε(t) = εA sin(2pit/tω), with
a oscillation period tω (related to frequency f = 1/tω)
and a strain amplitude εA, along the x direction of the
metallic glass (MG) model. The resulting stress σ(t) were
measured and fitted to σ(t) = σ0 + σA sin(2pit/tω + δ).
δ is the phase difference between stress and strain. σ0
is a linear term and usually small. One example is
shown in Fig. S1(b). The strain was applied by a smooth
change of the box length along the x direction, whereas
stresses were directly measured from each component of
the pressure. From these values, storage (E′) and loss
(E′′) moduli are calculated as E′ = σA/εA cos(δ) and
E′′ = σA/εA sin(δ), respectively. A strain amplitude
εA = 0.6% was applied in all the MD-DMS, which en-
sured the deformations do not change the structure of
the MG. The NV T ensemble (constant number of atoms,
volume, and temperature) were used during the MD-
DMS simulations. 10 cycles were applied for each MD-
DMS to measure the storage and loss moduli. All MD
simulations were performed using the GPU-accelerated
LAMMPS code [S3–S5].
DETAILS OF EXPERIMENTS
Sample preparations - The alloy ingot was prepared
from a mixture of pure elements Al and Sm (purity
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FIG. S1. (a) The potential energy as a function of temper-
ature during the continuous cooling of the glass sample. (b)
The strain ε and measured stress σ as a function of time for
the glass model at T = 380K. The time period tω = 1µs.
The fitting function is σ(t) = σ0 + σAsin(2pit/tω + δ).
≥ 99.99 wt %) by arc melting under the protection of
high purity Argon atmosphere. In order to ensure the
chemical homogeneity, the alloy was re-melted at least
five times with magnetic stirring. The glassy ribbons
were obtained via the melt-spinning. The amorphous
nature of the ribbons was confirmed by X-ray diffraction
(XRD, Bruke D2 phaser) which is shown in Fig. S2(a).
Dynamical mechanical analysis - The relaxation dy-
namics of the MG was experimentally studied by a dy-
namical mechanical analyzer (DMA, TA Q800) using liq-
uid Nitrogen for temperature control, which allows us
to reach the cryogenic temperature (down to 150K).
The measurements were conducted during a tempera-
ture ramping of 3 K/min together with a film tension
oscillation using the discrete testing frequencies of 0.5,
2, 4, 8 and 16 Hz. The measured loss moduli are fit-
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FIG. S2. (a) XRD patterns of Al90Sm10 MG ribbons. (b)
DSC measurement with heating rate 3 K/min.
ted with three Gaussian functions as shown in Fig. S3.
The peak temperatures of α2 and β relaxation pro-
cesses are compared with simulation results in Fig. S3(f),
which shows a clear Arrehenius relation with the os-
cillation periods. Note the experimental α relaxation
peaks cannot be directly fit to Gaussian functions be-
cause of the lack of data. To obtain a curve to guide
eyes, we extrapolate simulation data to experimental fre-
quencies to obtain initial guesses of peak positions. The
peak shape is adjusted by fixing the fitting of α2 and
β peaks via the Levenberg-Marquardt nonlinear fitting
algorithm implemented in the MagicPlot software (see
Nonlinear Curve Fitting in MagicPlot software manual,
http://magicplot.com/wiki/fitting).
Calorimetry measurements - To ensure the glassy state
of samples during the DMA, we performed differential
scanning calorimetry (DSC, Mettler -Toledo ADSC2)
measurement with same heating rate in DMA. The mea-
surements were performed under high purity nitrogen at-
mosphere at a flow rate of 50 mL/min. To ensure the re-
liability of the data, the temperature and enthalpy scales
were calibrated using the melting transitions of pure In-
dium and Zinc. In order to get a better accuracy, all the
samples have a similar mass, about 12 mg. Each run was
followed by a second run (on a fully crystallized sample)
to obtain a baseline. As shown in Fig. S2(b), there is no
heat flow in the temperature range of DMA experiments.
However, the glass sample indeed devitrified at ∼ 480K
as observed previously in Ref.[S6], which makes an upper
limit temperature for DMA measurements.
FIG. S3. (a)-(e) Experimental DMS fitted with three Gaussian peaks corresponding to the α, α2 and β relaxations, respectively.
(f) The Arrhenius plot of fitted relaxation peak positions and oscillations periods for both experimental (solid symbols) and
simulation (open symbols) data. The error bar is determined from the Gaussian fitting. The dashed line in (f) indicates the
extrapolation from simulation condition to experimental condition for α peaks.
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FIG. S4. Upper panel shows the peak of β relaxation, lower
panel shows the fraction of Nlong/Nstr with different ξc.
STRING-LIKE MOTIONS
The string-like motions are recognized by analyzing the
atomic rearrangement within the time interval of strain
oscillation tω. The displacement of atom i is computed by
ui = |ri(ktω + tω)− ri(ktω)|, where ri(ktω) is the atom
position at the beginning of k-th deformation iteration
and ri(ktω + tω) is at the end of the deformation. This
definition avoids any atomic displacement caused by the
overall deformation of simulation box during MD-DMS.
The atoms with u > 1.8A˚, i.e. the first minima of p(u)
as shown in Fig. 3(a) of the maintext, are defined as
fast-moving atoms. If a fast-moving atom i jumps to
the initial position of another fast-moving atom j after
a deformation period, the atoms i is defined as a string-
like-moving atom. This can be express as |ri(ntω + tω)−
rj(ntω)| < dc, where dc corresponds to the most probable
displacement, i.e. the first peak position of p(u).
In Fig. S4, we compute the ratio of atoms involved in
the long-string motions Nlong/Nstr with different long-
string threshold ξc. While the height of Nlong/Nstr(T )
changes with the threshold, the peak position keeps con-
stant. It clearlt indicates the correlation between β-
relaxation and long string-like motions is independent to
the threshold ξc.
INTERMEDIATE SCATTERING FUNCTION
The self intermediate scattering functions (ISF) are
computed for both Al and Sm atoms in the Al90Sm10
model by
Fs(Q, t) =
1
N
N∑
j=1
〈
exp{iQ · [rj(t)− rj(0)]}
〉
. (S1)
To measure the α-relaxation time, the magnitude of wave
vector Q is chosen as the first peak position of the struc-
ture factor S(Q), which is ∼ 2.67A˚−1 (with minor tem-
perature dependence). The ISF results are shown in
Fig. S5. The α-relaxation time is obtained when the ISF
decayed to 1/e [S7, S8].
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FIG. S5. The intermediate scatter functions (ISF) for Al and Sm in the Al90Sm10.
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